Raman scattering is used to study the effect of low energy (90 eV) Ar + ion bombardment in graphene samples as a function of the number of layers N. The evolution of the intensity ratio between the G band (1585 cm −1 ) and the disorder-induced D band (1345 cm −1 ) with ion fluence is determined for mono-, bi-, tri-and ∼50-layer graphene samples, providing a spectroscopy-based method to study the penetration of these low energy Ar + ions in AB Bernal stacked graphite, and how they affect the graphene sheets. The results clearly depend on the number of layers. We also analyze the evolution of the overall integrated Raman intensity and the integrated intensity for disorder-induced versus Raman-allowed peaks.
Introduction
Disorder-induced symmetry-breaking plays a very important role in the determination of several material properties, such as transport properties and the relaxation of photo-excited carriers [1] . Raman spectroscopy has become a key technique and is widely used to characterize and identify disorder in the sp 2 network of different carbon structures, such as graphite intercalated compounds [2] [3] [4] , nanostructured carbon [5] , carbon nanofibers and nanotubes [6] , as well as fullerenes [7] . The presence of disorder in sp 2 hybridized carbon systems leads to rich and intriguing phenomena in their resonance Raman spectra, thus making Raman spectroscopy one of the most sensitive and informative techniques to characterize disorder in sp 2 carbon materials. In the Raman scattering process, a photon generates an electron-hole pair (green arrows in figure 1(a) ) and the excited electron is further scattered by phonons, as indicated by the black arrows. Due to momentum conservation requirements in periodic systems, the first-order Raman scattering process generates only -point phonons (wavevector q = 0). Such a process is pictured in figure 1(a) by the downward black arrow labeled G (from graphite), indicating electron-phonon energy exchange with no wavevector variation. As shown in figure 1(b) , the Raman spectrum of pristine graphene exhibits this G mode, which is related to the in-plane stretching of the C-C bonds [6] . When the periodic lattice of graphene is broken by defects, the momentum conservation requirement is broken and all the phonons in the Brillouin zone become Ramanallowed, which could result in a phonon-density-of-stateslike Raman spectrum. However, resonant electron-phonon scattering processes connecting real electronic states (indicated by the solid black arrows connecting red bullets in figure 1(a) ) are predominant [8, 9] and energy conservation requirements impose that the Raman spectrum of disordered graphene (see figure 1(c)) exhibits only two new sharp features at 1345 cm −1 (D band) and 1626 cm −1 (D band). These intervalley (D) and intravalley (D ) defect-induced double-resonance scattering processes occur within an area close to a defect that has been named the 'activated area' and this area is determined by the Raman scattering coherence length [10] . These processes are also the ones mainly responsible for electron decoherence in 0953-8984/10/334204+05$30.00 optics and transport phenomena in sp 2 carbon atoms [11] [12] [13] . Finally, when the periodic system is fully disordered by large ion fluences (above 10 13 Ar + cm −2 ), this 'activated area' gives way to an effectively 'disordered area', where the hexagonal lattice has been effectively destroyed and the electron and phonon momenta are no longer good quantum numbers. As shown in figure 1(d) , the Raman spectrum of fully disordered single-layer graphene resembles the profile of the density of states (DOS) for the higher energy optical phonon branch [6] .
Recently we have used Raman scattering to study the evolution of disorder in monolayer graphene (1-LG) subjected to low energy (90 eV) Ar + ion bombardment. These low energy ions have been experimentally confirmed to barely exceed the threshold value for the displacement of surface C atoms (∼47 eV in HOPG), thereby avoiding cascade effects [14, 15] . The evolution of the intensity ratio I D /I G between the G band (1585 cm −1 ) and the disorder-induced D band (1345 cm −1 ) with ion fluence was determined, providing a spectroscopy-based method to accurately quantify the density of defects in 1-LG. A phenomenological model was proposed to describe the non-monotonic evolution of I D /I G with the density of defects (or with the average distance between defects), based on a competition between the 'activated area' and the 'disordered area' with increasing defect concentration. From this model, the Raman scattering coherence length l = 2 nm was obtained [10] . Here we extend such a study to graphene as a function of the number of layers N.
Experimental details
Several graphene samples with different numbers of layers were prepared from a single mechanical exfoliation of highly oriented pyrolytic graphite (HOPG-ZYB grade, 20 mm × 20 mm × 2 mm, NT-MDT Company) and deposited onto an Si substrate with a 300 nm thick layer of SiO 2 , following a nowadays widely used procedure [16] . No further cleaning or processing was applied to the graphene samples to avoid changing its pristine properties. Optical microscopy was used to map the graphene sample location on the Si/SiO 2 substrate [16] . The number of layers for each graphene sample was identified by both Raman spectroscopy [17] and atomic force microscopy (AFM instrument from JPK Company, in the tapping mode under ambient conditions). We located four samples to study and discuss here: (i) 1-LG, (ii) bi-layer (2-LG), (iii) tri-layer (3-LG) and (iv) a small HOPG flake, ∼50 layers in thickness, as inferred from its AFM height. The graphene samples were all about 2-3 μm × 3-4 μm, which guarantees the laser focus (∼1 μm 2 ) was always fully reaching the graphene samples.
Ion bombardment experiments (with a partial argon pressure lower than 2 × 10 −5 mbar) were carried out in an OMICRON VT-STM ultra-high vacuum system (base pressure 5.0 × 10 −11 mbar) equipped with an ISE 5 ion source. The ion beam incidence angle was 45
• with respect to the normal direction of the sample's surface. Low energy ions (90 eV) were used to produce the structural defects. Five ion fluences were used, namely 10 11 , 10 12 , 10 13 , 10 14 and 10 15 Ar + cm −2 . The ion fluence was calibrated by direct counting of defects, using scanning tunneling spectroscopy, as described in [10] . The distance between defects and the sizes of the 'activated' and 'disordered' areas are in the 1-50 nm range [10] , which means the results are homogeneous within the laser focus (∼1 μm 2 ).
Micro-Raman scattering measurements were performed with a Horiba Jobin Yvon T6400 triple-monochromator equipped with a N 2 -cooled charge-coupled device (CCD) detector. We employed the backscattering configuration, using a 100× objective (∼1 μm 2 beam spot on the sample). The excitation laser energy was 2.41 eV (514.5 nm). A low power (0.25 mW at the microscope objective) was used to avoid heat-induced sample damage or graphitization. The Si/SiO 2 substrate Raman peak in the 950-1000 cm −1 range was measured and used to check the Raman intensity calibration. This result is directly related to the contribution from untouched layers, i.e. it provides evidence that the low energy ion impact induces defects limited to one layer (not necessarily the first). Due to its low energy, a simple ion does not create defects in many layers. The process is most probably limited to one defect per Ar + ion. Compagnini et al [19] performed similar experiments with C+ ions, but using a much larger energy (500 keV). The maximum I D /I G values they observed in 2:3-LG was 7:5 = 1.4. While the absolute values should not be compared because they used a different excitation laser line, the ratio was far from 2, meaning in their case one high energy ion can cause more than one defect. A bulk HOPG sample has also been measured and the evolution is very similar to the results shown for the ∼50-layer graphene, although the I D /I G is 3.5 times smaller for bulk HOPG. This is in agreement with a penetration depth of about 150 layers.
Results and discussions
In figure 2(b) we multiplied the I D /I G ratio by the number of layers N for each sample. Assuming each low energy Ar + ion is producing only one defect in one graphene layer, this N-normalized I D /I G ratio is equivalent to normalizing the evolution of disorder, irrespective of the number of carbon atoms in the sample. Figure 2(b) shows that, for low ion fluences (below 10 13 Ar + cm −2 ), the evolution of disorder is similar for the four samples, independent of N. For larger ion fluences (above 10 13 Ar + cm −2 ), amorphization takes place and the I D /I G ratio decreases when the number of layers is small. Notice that 10 15 Ar + cm −2 corresponds to one ion per C atom for a 1-LG. The value of N(I D /I G ) for the final 10 15 Ar + cm −2 ion fluence also scales with N. Figure 2(c) shows the evolution of the integrated area in the frequency range where the D and G peaks are observed (1200-1700 cm −1 ). While the absolute values are meaningless because they depend on experimental conditions, the evolution of the integrated area by varying just the number of defects provides interesting insights. Except for the two last points for 1-LG and 2-LG, where the number of ions/C atom reaches full disorder, there is a monotonic increase in the D + G integrated area with increasing disorder. This shows that the effect of increasing disorder actually opens more channels for the inelastic scattering process, thus increasing the overall area for the Raman spectra. The overall dependence is basically independent of N for 1-LG, 2-LG and 3-LG except, of course, for the fully disordered systems subjected to the highest ion fluence. The dependence is distinct for the ∼50-LG. This result can be related to the penetration depth. The evolution of the electric field when the sample becomes thicker has to be taken into account to fully rationalize this difference.
Although the overall Raman scattering increases with increasing disorder, as shown in figure 2(c), this increase has to be related to defect-induced processes. To analyze this argument, in figure 3 we plot the integrated area of the [17] . For the highest ion fluence (10 15 Ar + cm −2 ) there is an overlap between the D and G peaks, and the fitting is not unique. However, the fitting uncertainty is not large enough to change the trends shown in this figure.
Raman-allowed G band as a function of the integrated area for the disorder-induced D band. The G band is a two-phonon Raman feature, roughly an overtone of the D band (G ∼ 2D). While the D band area increases, the G band area decreases. Therefore, figure 3 shows there is a competition between the Raman-allowed and the disorder-induced inelastic scattering processes. Data from the four samples analyzed in this work are plotted in figure 3 showing, again, a common behavior that is independent of the number of layers N. Here even the ∼50-LG follows the same trend, since the differences related to the penetration depth are rationalized out by comparing the results from two Raman features on the same sample. The decrease in the G band integrated area is due to the opening of channels for one-phonon D band processes, thus decreasing the probability for the two-phonon (G ∼ 2D) processes. The increase in the D band integrated area is much stronger than the decrease in the G integrated area, and this is due to the large increase in the D bandwidth. The smaller the distance between the defects, the larger the uncertainty for the phonon wavevectors fulfilling the double-resonance disorder-induced Raman processes [8, 9] . This increase evolves until reaching the phonon DOS-like profile shown in figure 1(d) . At this point, the G intensity is basically absent for the few-layer graphene samples. For HOPG, the number of untouched layers is always capable of providing intense G and G bands.
Summary
In this paper we study the evolution of the disorder effects in the Raman spectra from graphene as a function of the number of graphene layers N. The I D /I G behavior was observed to scale with N, clearly demonstrating the lower energy ions we used here were not able to cause cascade effects, but the process is limited generally to one defect per bombarding ion. For few-layer graphene samples (N = 1, 2, 3) , the normalized evolution of I D /I G increases on increasing the number of defects (increasing the 'activated area' [10] ), and further saturates and decreases. This decrease is due to the take-over of the 'activated area' by the 'disordered area', as introduced previously for 1-LG [10] . However, the decrease in I D /I G for larger ion fluences is less evident the larger the N. For many-layer graphene (∼50 and higher), the normalized evolution of I D /I G on increasing the number of defects is a monotonic increase, since there are always more graphene layers to be bombarded.
Our results also show that the disorder increases the overall Raman integrated area, i.e. more channels are opened for the inelastic scattering of light. There is competition between Raman-allowed and disorder-induced peaks, but in general the overall integrated area increases. This increase seems to be independent of the number of layers.
